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ABSTRACT 

Severa l  t h e o r i e s  are examined f o r  t h e i r  u s e f u l n e s s  i n  p r e d i c t i n g  
the  m o b i l i t y  of  charge  carriers i n  o rgan ic  semiconductors .  A modif ied 
band theory  us ing  Hiickel Molecular O r b i t a l s  i s  shown t o  be a p p l i c a b l e  
a f t e r  r e j e c t i n g  o t h e r  a v a i l a b l e  t h e o r i e s .  The complex Molecular  O r b i t a l  
c a l c u l a t i o n s  are s i m p l i f i e d  by the  u s e  of symmetry and group theory  so 
t h a t  they can  be programmed i n  reasonable  t i m e  on a large computer. The 
c a l c u l a t i o n s  a r e  a p p l i e d  t o  the  complex hydrogen phtha locyanine  c r y s t a l  
s t r u c t u r e  and compared t o  experimental  measurements. Experimental  
v a l u e s  found i n  the  l i t e r a t u r e  vary t o o  widely t o  be u s e f u l .  Experimental  
measurements are desc r ibed  which provide t h e  p r e d i c t e d  o r d e r  of magnitude 
and t h e  p r e d i c t e d  t r e n d  w i t h  temperature  changes.  F i n a l l y ,  a c r i t i q u e  
of t h e  exper imenta l  method i s  made w i t h  recommendations f o r  improvements. 
However, i t  i s  concluded t h a t  the  Hiickel Molecular O r b i t a l  Theory i s  
v a l i d  f o r  p r e d i c t i n g  p r o p e r t i e s  of o rgan ic  semiconductors .  Improvements 
i n  c o n t r o l  of m a t e r i a l  p u r i t y  and i n  measurement techniques  a r e  r e q u i r e d  
b e f o r e  f u r t h e r  c o n s i d e r a t i o n s  can be made r ega rd ing  u s e s  of o rgan ic  semi- 
conductors .  
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TECHNICAL MEMORANDUM X- 53638 

CONDUCTION MECHANISM I N  ORGANIC SEMICONDUCTORS 

SUMMARY 

A b r i e f  d e s c r i p t i o n  i s  given of t h e  p o t e n t i a l  u s e s  of organic  
semiconductors .  The two genera l  c l a s s e s  of organic  compounds t h a t  a r e  
semiconductors ,  i . e . ,  aromatic  r i n g  s t r u c t u r e s  and charge t r a n s f e r  
complexes a r e  d iscussed  and c h a r a c t e r i z e d  and examples a r e  given of 
each.  

A s h o r t  h i s t o r y  of t h e  development of t h e  theory  of conduct ion i n  
o r g a n i c  semiconductors i s  presented .  I n  o r d e r ,  t h e  S i n g l e t  S t a t e  
Theory, t h e  T r i p l e t  State  Theory, the combined S i n g l e t - T r i p l e t  S t a t e  
Theory and t h e  Donor-Acceptor Theory are d i s c u s s e d ,  and t h e  primary 
weaknesses of each are p o i n t e d  o u t ,  w i t h  r e f e r e n c e d  experimental  d a t a .  
The p r e s e n t l y  accepted Band Theory i s  d i s c u s s e d  i n  d e t a i l  along w i t h  
t h e  Hiickel Molecular O r b i t a l  Theory, A procedure i s  developed and 
g iven  f o r  t h e  c a l c u l a t i o n  of resonance i n t e g r a l s  and t h e  m o b i l i t y  
t e n s o r  by t h e  u s e  of a computer. This procedure i s  used t o  c a l c u l a t e  
t h e  molecular  o r b i t a l s  and t h e  band s t r u c t u r e  of hydrogen phthalocyanine.  

Measurements were made of t h e  s p e c i f i c  r e s i s t i v i t y  and Hal l  m o b i l i t y  
of a vacuum d e p o s i t e d  sample of hydrogen phtha locyanine  u s i n g  t h e  method 
of Vander Pauw and of a s i n g l e  c r y s t a l  of hydrogen phthalocyanine 
us ing  s tandard  techniques ,  V a l u e s  f o r  t h e  vacuum depos i ted  sample 
were t o o  low and changed w i t h  t i m e ,  i n d i c a t i n g  h igh  impur i ty  c o n t e n t .  
Measurements on t h e  s i n g l e  c r y s t a l  sample y i e l d e d  t h e  c o r r e c t  t r e n d  
of H a l l  m o b i l i t y  w i t h  temperature  a s  p r e d i c t e d  by theory .  

Refinements of t h e  experimental  technique are r e q u i r e d  b e f o r e  
t h e s e  complex m a t e r i a l s  can  be f u l l y  c h a r a c t e r i z e d .  However, t h e  
concept  of c a l c u l a t i n g  molecular o r b i t a l s  and t h e  band s t r u c t u r e  
a s  a means of p r e d i c t i n g  t h e  p o t e n t i a l  of an organic  semiconductor has  
been proven t o  be v a l i d .  



INTRODUCTION 

The i n t e r e s t  i n  s tudying  organic  semiconductors i s  r e l a t e d  t o  t h e  
development of d i e l e c t r i c s  and of materials t h a t  a r e  s u i t a b l e  f o r  
t he rmoe lec t r i c  coo l ing  systems. Cons iderable  e f f o r t  i s  being spen t  on 
s tudying  leakage and breakdown mechanisms i n  d i e l e c t r i c s  i n  r e l a t i o n  t o  
environment.  The s u b j e c t  work i s  expected t o  h e l p  c l a r i f y  t h e s e  s t u d i e s .  
Also, s i n c e  e l e c t r i c a l  devices  gene ra t e  cons ide rab le  energy which must 
be e f f i c i e n t l y  d i s s i p a t e d  on s e a l e d  space v e h i c l e s ,  v a r i o u s  coo l ing  
techniques  have been s tud ied .  Among the  promising techniques  being 
developed i s  the use  of i no rgan ic  the rmoe lec t r i c  m a t e r i a l s .  S ince  
o rgan ic  semiconductors because of t h e i r  low thermal c o n d u c t i v i t y  may 
provide  advantages over  i no rgan ic  semiconductors ,  t h i s  p r o j e c t  was 
s t a r t e d  t o  e s t a b l i s h  the  f e a s i b i l i t y ,  p r a c t i c a l i t y ,  and l i m i t a t i o n s  of 
us ing  organic  semiconductors by i n v e s t i g a t i n g  t h e  e l e c t r i c a l  conduct ion 
phenomenon i n  s i n g l e  c r y s t a l s  of o rgan ic  semiconductors.  F u r t h e r  
advantages of t h i s  p r o j e c t  a r e  t h a t  s e v e r a l  hundred thousand o rgan ic  
materials have been prepared ,  and t h a t  organic  chemis ts  can f a b r i c a t e  
organic  s o l i d s  wi th  p r o p e r t i e s  matched t o  s p e c i f i c a t i o n s .  Therefore ,  
t h i s  p r o j e c t  may l ead  t o  s p e c i f i c a t i o n s  f o r  f a b r i c a t i o n  of new o rgan ic  
s o l i d s .  

There a r e  two  gene ra l  c l a s s e s  of organic  compounds t h a t  a r e  
cons ide red  as semiconductors.  They a r e :  

1. Aromatic Ring S t r u c t u r e s :  These a r e  most ly  pure hydrocarbons 
wi th  fused r i n g  systems,  a l though some o t h e r  r i n g  compounds are a l s o  
inc luded .  Some of t hese  a r e  shown i n  F ig  1. 

2 .  Charge Trans fe r  Complexes: These a r e  sometimes c a l l e d  "Donor- 
Acceptor Complexes" and a r e  organic  o r  semiorganic systems. Some of  
t hese  a r e  shown i n  Table I. 

PRELIMINARY THEORETICAL CONSIDERATIONS 

Organic s o l i d s  a r e  known t o  have low h e a t s  of v a p o r i z a t i o n  and low 
me l t ing  p o i n t s .  Also,  t he  s p e c t r a  of organic  m a t e r i a l s  i n  the  s o l i d  
phase a r e  almost i d e n t i c a l  t o  the s p e c t r a  i n  the  gas phase.  From such 
ev-idence t h e  n a t u r a l  conclus ion  i s  t h a t  t h e r e  i s  a weak i n t e r a c t i o n  
between t h e  molecules and, as a consequence, an exp lana t ion  can  be made 

t h e  p r o p e r t i e s  of the  i n d i v i d u a l  molecule.  However, t h i s  i s  n o t  the  
c a s e .  The genera l  p i c t u r e  of benzene ( Ref. 1) i s  t h a t  T - e l e c t r o n s  of 

e l e c t r o n s .  Therefore ,  an e l e c t r o n  can  move around the  r i n g  wi thout  

, of most of the  bulk p r o p e r t i e s  of aromatic  molecular  s o l i d s  i n  terms of 

I the  r i n g  form a band of energy s t a t e s  which i s  only  h a l f  f i l l e d  wi th  
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encounter ing  any impedance. Thus, the benzene r i n g  a c t s  l i k e  a ' super -  
conduc to r . '  This p i c t u r e  can be extended t o  more complex molecules .  A 
c r y s t a l  formed by such molecules i s  c a l l e d  a molecular  c r y s t a l  because 
the f o r c e s  hold ing  the  c r y s t a l  toge ther  a r e  weak Van de r  Waals f o r c e s .  
Such c r y s t a l s  have very  low c o n d u c t i v i t i e s ,  t h e r e f o r e ,  the  problem of 
bulk e l e c t r i c a l  conduct ion i n  t h e s e  m a t e r i a l s  does not involve  the  
s t r u c t u r e  of i n d i v i d u a l  molecules .  The problem l i e s  i n  g e t t i n g  t h e  
charge  t r anspor t ed  from one molecule t o  t h e  nex t .  

To exp la in  the semi- and photo-conduction of organic-  s o l i d s ,  v a r i o u s  
t h e o r i e s  have been proposed. Most of t h e  t h e o r i e s  aim a t  exp la in ing  the  
exper imenta l ly  observed f a c t  t h a t  the c o n d u c t i v i t y  of organic  s o l i d s  i s  
r ep resen ted  by a r e l a t i o n  of the  type 

(T Go exp (-E/kT) 

where (T i s  e l e c t r i c a l  conduc t iv i ty  of t h e  m a t e r i a l .  

(Tois a c o n s t a n t  and may be seen as the  conduc t iv i ty  of t he  m a t e r i a l  
a t  i n f i n i t e l y  h igh  tempera tures .  

E i s  an energy parameter 

k i s  Boltzmann cons t an t  

T i s  temperature  i n  OK 

For ino rgan ic  i n t r i n s i c  semiconductors,  t h e r e  i s  a s i m i l a r  r e l a t i o n :  

where EG i s  the  (energy gap) d i f f e r e n c e  i n  energy between the  h i g h e s t  
p o i n t  i n  the  va lence  band and the  lowest p o i n t  i n  the  conduct ion band. 

Some au thor s  b e l i e v e  t h a t  conduction i n  organic  s o l i d s  i s  i n t r i n s i c  
and t h a t  EG = 1 / 2  E should be i d e n t i f i e d  wi th  some e l e c t r o n i c  term 
s e p a r a t i o n  i n  t h e  spectrum f o r  t h e  f r e e  molecule .  A s  a r e s u l t ,  t h e r e  
a r e  two o r  perhaps t h r e e  i n t e r e s t i n g  t h e o r i e s  as fo l lows :  

S i n g l e t  S t a t e  Theory 

Eley and P a r f i t t  (Re f .  2 ) ,  us ing the  " e l e c t r o n  gas ' '  model of B a y l i s s  
( R e f .  3 ) ,  determined the  allowed e l e c t r o n  s t a t e s  f o r  a doughnvt-shaped 
p o t e n t i a l  box of s p e c i f i e d  s i z e  and i d e n t i f i e d  EG wi th  the energy of the 
lowest  e x c i t e d  s i n g l e t  s t a t e  of the i s o l a t e d  molecule ,  'E1. 
seems t o  be t h a t  an e l e c t r o n  i n  the exc i t ed  s t a t e  of one molecule has  
s u f f i c i e n t  energy t o  tunnel  through the in t e rmolecu la r  b a r r i e r  t o  t h e  

Thei r  i d e a  

3 



corresponding e x c i t e d  s t a t e  of another  molecule. An examinat ion of t h i s  
theory  l e a d s  t o  the  conclus ion  t h a t  t he  a c t i v a t i o n  energy f o r  t he  format ion  
of charge  c a r r i e r s  i n  a s o l i d  f r e e  r a d i c a l  should be ve ry  small .  The re fo re ,  
the  s o l i d  f r e e  r a d i c a l s  should be expected t o  be s o d  conductors .  On 
t h e  c o n t r a r y ,  t h e  experimental  r e s u l t s  show t h a t  s o l i d - f r e e  r a d i c a l s  a r e  
poor conductors ,  and f o r  a t  l e a s t  two f r e e  r a d i c a l s ,  t h e  a c t i v a t i o n  
energy i s  q u i t e  l a r g e  (Table 11). For molecular  s o l i d s ,  t h e  agreement 
between a c t i v a t i o n  energy and the  energy of t h e  lowest  e x c i t e d  s i n g l e t  
i s  very poor.  The a c t i v a t i o n  energy a s  determined from t h e  temperature  
dependence of the dark c o n d u c t i v i t y  i s  t y p i c a l l y  an e l e c t r o n  v o l t  sma l l e r  
than the  lowest e x c i t e d  s t a t e  s i n g l e t  energy.  The only  agreement between 
the  s i n g l e t  s t a t e  theory  and experiment i s  t h a t  the  th re sho ld  f o r  photo- 
conduct ion i n v a r i a b l y  corresponds t o  the  energy of t he  lowest  s i n g l e t -  
s i n g l e t  t r a n s i t i o n .  However, t h i s  cannot  be taken as suppor t  f o r  t h e  
s i n g l e t  s t a t e  theory  because t h i s  i s  a f e a t u r e  common t o  a l l  of t h e  
t h e o r i e s .  Thus, i t  i s  d i f f i c u l t  t o  support  t he  s i n g l e t  s t a t e  theory .  

T r i p l e t  S t a t e  Theory 

The t r i p l e t  s t a t e  theory  (Ref.  4 ,  5,  6 ) ,  l i k e  t h e  s i n g l e t  s t a t e  
t h e o r y ,  i s  e s s e n t i a l l y  a p o s t u l a t e  t h a t  t h e  lowes t  e x c i t e d  t r i p l e t  s t a t e  
of a molecule i s  an in t e rmed ia t e  i n  the  format ion  of charge  c a r r i e r s  and 
t h a t  the  a c t i v a t i o n  energy,  E Though 
the  reason  f o r  t he  p a r t i c i p a t i o n  of the t r i p l e t  s t a t e  i s  no t  c l e a r ,  i t  i s  
i n t e r e s t i n g  t o  n o t e  t h a t  t he  experimental  va lue  f o r  a c t i v a t i o n  energy f o r  
conduct ion i s  o f t e n  c l o s e  t o  the  energy of t he  t r i p l e t  s t a t e .  Some of 
t he  v a l u e s  a r e  inc luded  i n  Table 111. However, i n  many c a s e s ,  t h i s  
agreement i s  n o t  ve ry  good s i n c e  d e v i a t i o n s  a s  l a r g e  as 0 . 5  e .v .  are known. 
Small a c t i v a t i o n  ene rg ie s  f o r  conduct ion ( - 0 . 1  - 0 .2  e . v . ) ,  i n  t h e  case  
of charge  t ransfer-complexes (Table I V ) ,  sugges t  t h a t  t he  t r i p l e t s  of 
t h e  donor and the acceptor  molecules a r e  n o t  involved i n  the  g e n e r a t i o n  
of charge  c a r r i e r s .  The i n v e r s e  r e l a t i o n  between pho toconduc t iv i ty  and 
phosphorescence quantum y i e l d  r epor t ed  by McGlynn (Ref.  7 ) ,  f o r  a s e r i e s  
of r e l a t e d  compounds, f u r t h e r  sugges ts  t h a t  t h e  t r i p l e t  s t a t e  i s  n o t  a 
necessa ry  in t e rmed ia t e  i n  the  photogenera t ion  of charge  c a r r i e r s .  The 
same conclus ion  has  been drawn by Almeleh and Harr i son  (Ref. 8 ) ,  from 
t h e i r  photoconduct iv i ty  measurements on pure  and doped t r ipheny lene .  
These measurements a r e  important  because they c o n t r a d i c t  t he  only  evidence 
i n  suppor t  of t he  t r i p l e t  s t a t e  theory  drawn from t h e  e a r l i e r  measurements 
by Northrop and Simpson (Ref .  9)  on dark conduc t iv i ty  of pu re  and doped 
hydrocarbons.  Rosenberg's assumption (Ref .  4 ,  5) t h a t  t h e  quantum y i e l d  
f o r  photogenera t ion  of t r i p l e t  s t a t e s  i s  temperature  dependent ,  i n c r e a s i n g  
exponen t i a l ly  w i t h  temperature ,  e x p l a i n s  t h e  temperature  dependence of 
photoconduct iv i ty  adequate ly  b u t  l e a d s  t o  an absurd conclus ion .  According 
t o  Rosenberg 's  assumption, the  y i e l d  of t h e  t r i p l e t  s t a t e  a t  70°K should 
be lower by a f a c t o r  of - l o 7  compared t o  t h e  y i e l d  a t  room temperature .  
Th i s  would make i t  imposs ib le  t o  d e t e c t  t h e  t r i p l e t  s t a t e  a t  (70'K o r  

i s  the  t r i p l e t  s t a t e  energy,  3E1. G' 



l e s s )  low tempera tures ,  whi le  i n  p r a c t i c e ,  low tempera tures  are used t o  
s tudy  t h e  t r i p i e t  s t a t e .  

Combined S i n g l e t - T r i p l e t  S t a t e  Theory 

Northrop and Simpson (Ref.  9 ,  L O ,  11) , Simpson (Ref.  1 2 )  , and 
Northrop (Ref ,  13 ) ,  cons ide r  the exc i ton  s ta tes  of hydrocarbons and t h e  
s t a t e s  of i o n i c  c h a r a c t e r  a r i s i n g  from t h e  removal of an  e l e c t r o n  from 
one molecule  t o  a neighbor .  Both of t h e s e  s ta tes  comprise s i n g l e t s  and 
t r i p l e t s ,  b u t  i n  e i t h e r  case, t he  energy levels  converge t o  t h e  same 
l i m i t  as t h e  e l e c t r o n  i s  removed t o  g r e a t e r  d i s t a n c e s .  Th i s  l i m i t  i s  
(Ei - Ea),  t he  d i f f e r e n c e  between the i o n i z a t i o n  p o t e n t i a l  and the  
e l e c t r o n  a f f i n i t y  of  t he  molecules  i n  the c r y s t a l .  Northrop and Simpson 
(Ref .  9 )  a rgue  t h a t  charge  ca r r i e r s  are  produced by t h e  i o n i z a t i o n  of 
s i n g l e t  and t r i p l e t  s t a t e s  under the i n f l u e n c e  of  an  a p p l i e d  e l e c t r o n i c  
f i e l d .  S i n g l e t  s ta tes  are presumed t o  be more s u s c e p t i b l e  t o  f i e l d  
i o n i z a t i o n  than t r i p l e t  s t a t e s  and, t h e r e f o r e ,  t he  e f f e c t i v e  a c t i v a t i o n  
energy f o r  format ion  of charge  c a r r i e r s  w i l l  depend upon t h e  r e l a t i v e  
popu la t ion  of s i n g l e t  and t r i p l e t  s t a t e s .  The p a r t i c i p a t i o n  of  bo th  t h e  
s i n g l e t  and t r i p l e t  s t a t e s  i n  the  generated charge  c a r r i e r s  f a i l s  t o  
e x p l a i n  the  f a c t  t h a t  the temperature v a r i a t i o n  of c o n d u c t i v i t y  i n  pure  
molecular  s o l i d s  i s  adequate ly  r ep resen ted  by a s i n g l e  a c t i v a t i o n  energy.  
This theory  aga in  f a i l s  i n  t h e  case  of h igh ly  conduct ive  donor-acceptor  
systems.  

To sum up t h e s e  t h e o r i e s ,  i t  i s  h e l p f u l  t o  r e f e r  t o  an i n t e r e s t i n g  
p a p e r  by F i e l d i n g  and Mackay (Ref, 1 4 ) .  They have measured t h e  p o l a r i z e d  
c r y s t a l  and vapor  s p e c t r a  of s e v e r a l  ph tha locyanines  and concluded t h a t  
n e i t h e r  ' s i n g l e t '  no r  ' t r i p l e t '  s t a t e  t h e o r i e s  can be invoked t o  
s a t i s f a c t o r i l y  e x p l a i n  the  e l e c t r i c a l  conduct ion  i n  o rgan ic  semiconductors .  

Donor-Acceptor Theory 

One of t h e  most e l e g a n t  t h e o r i e s  which e x p l a i n s  t h e  g e n e r a t i o n  of 
cha rge  car r ie rs  i s  due p r i m a r i l y  t o  Lyons (Ref,  15) ,  and i s  sometimes 
c a l l e d  the  Donor-Acceptor theory .  He has  cons ide red  the  g e n e r a l  problem 
of  e x c i t o n  s ta tes  i n  a s e m i - c l a s s i c a l  f a sh ion .  He has  shown t h a t  the  
i o n i z e d  s t a t e s  i n  a molecular  c r y s t a l  converge i n t o  a band of f r e e  s ta tes  
t h a t  can  conduct  e l e c t r o n s  and ho le s .  M e r r i f i e l d  (Ref.  16)  has  c a l c u l a t e d  
the  ion ized  s t a t e s  f o r  a one-dimensional molecular  s o l i d  and has  demon- 
s t r a t e d  the  e x i s t e n c e  of energy bands. Fox (Ref. 1 7 ) ,  a l s o ,  has  adopted 
a s i m i l a r  approach. Recent ly ,  Kommandeur (Ref. 18, 1 9 ,  20)  has  used t h i s  
t heo ry  t o  d i s c u s s  the  c o n d u c t i v i t y  and s p i n  resonance behavior  of a 
v a r i e t y  of o rgan ic  semiconductors , inc luding  charge t r a n s f e r  coniplexes. 
H e  begins  by d i s c u s s i n g  t h e  energy balance f o r  t h e  s e p a r a t i o n  of charge  
w i t h i n  the  s o l i d  by c a l c u l a t i n g  a Born-Haber c y c l e .  Fo r  t h i s ,  c o n s i d e r  

5 



a s o l i d  made up of molecules A and B and perform the  fo l lowing  o p e r a t i o n s :  

S.N. Opera t i o n  Energy Involved 

1. Remove Molecule A from s o l i d  t o  vacuum 

2 .  Remove Molecule B from s o l i d  t o  vacuum +sB 

3 .  Ion ize  Molecule A +I 

4 .  Attach e l e c t r o n  t o  molecule B -Ea 

5 .  Put  A+ back i n t o  s o l i d  keeping e l e c t r o n s  f i x e d  - SA 

- sB 

-p+ 

8 .  Le t  e l e c t r o n s  near  B- p o l a r i z e  -P  - 

9 .  Le t  A and B- i n t e r a c t  coulombical ly  -Q 

6 .  P u t  B- back i n t o  s o l i d  keeping e l e c t r o n s  f i x e d  

7 .  Le t  e l e c t r o n s  near  A p o l a r i z e  + 

f 

When these  ene rg ie s  a r e  summed, the  energy involved i n  c r e a t i n g  a 
sepa ra t ed  hole  and e l e c t r o n  i s  obta ixed:  

E C e s .  = I-Ea-P+-P ( 3 )  

s i n c e ,  i n  the f i r s t  o rde r  approximation,  p o l a r i z a t i o n  depends only  on 
magnitude of charge and not  the  s i g n ,  P+ = P- = P ,  so  t h a t  

Etas = I - Ea - 2P-Q ( 4 )  

By e s t i m a t i n g  v a r i o u s  q u a n t i t i e s  involved ,  Lyons (Ref. 15)  f i n d s  f o r  
an th racene ,  E C s s  = 5.2  eV, which i s  much h ighe r  than t h e  a c t u a l  va lue  
of 1 . 6  eV ( fo r  dark c u r r e n t  a c t i v a t i o n  energy) .  Reference 1 7  d id  
cons ide r  t h e  n e x t  n e a r e s t  neighbor i n t e r a c t i o n s  i n  the  p o l a r i z a t i o n  
energy.  
much h i g h e r  than t h e  experimental  va lue .  Despi te  t h e  f a i l u r e  i n  
p r e d i c t i n g  the r i g h t  o rde r  f o r  a c t i v a t i o n  energy ,  t h i s  theory  suppor t s  
t he  experimental  evidence t h a t  c o n d u c t i v i t y  i n  an thracene  i s  e x t r i n s i c  
i n  n a t u r e ,  and e x p l a i n s  the  e f f e c t s  of gases  on the  pho toconduc t iv i ty .  
The e n e r g e t i c  approach of Lyons (Ref. 15) a l s o  i s  very u s e f u l  i n  a 
d i s c u s s i o n  of t he  p r o p e r t i e s  of t he  donor-acceptor  complexes. The only 
ev idences  a g a i n s t  t h i s  theory  a r e  the  r e s u l t s  on mixed hydrocarbons 
c a r r i e d  o u t  by Northrop and Simpson. 

This  reduced the  c a l c u l a t e d  va lue  of E c S s . ,  b u t  i t  remained 
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While a l l  of t hese  t h e o r i e s  a re  concerned with exp la in ing  the  
a c t i v a t i o n  energy,  LeBlanc (Ref. 21) made the  b e s t  approach t o  the  
o v e r a l l  problem of the  conduct ion mechanism which i s  d iscussed  i n  the  
nex t  s e c t i o n .  

MOBILITIES AND BAND THEORY 

From a fundamental s t andpo in t ,  some of the  most important  advances 
i n  t h e  s tudy  of e l e c t r i c a l  p r o p e r t i e s  of organic  molecular  s o l i d s  have 
come from the  experimental  de te rmina t ion  of c a r r i e r  m o b i l i t i e s .  LeBlanc 
(Ref. 22) and Kepler (Ref. 23)  measured the d r i f t  m o b i l i t i e s  of excess  
e l e c t r o n s  and ho le s  i n  an thracene .  Thei r  measurements showed t h a t  f o r  
an thracene  the  room temperature  m o b i l i t i e s  i n  a d i r e c t i o n  pe rpend icu la r  
t o  the  c r y s t a l l o g r a p h i c  ab p lane  ( the  c leavage  p lane  f o r  an thracene)  
were 0 . 4  and 0.3 cm2/vol t -sec f o r  ho les  and e l e c t r o n s ,  r e s p e c t i v e l y .  
P a r a l l e l  t o  t he  ab p l a n e ,  t hese  m o b i l i t i e s  were 1 . 3  and 3.0 cm2/vol t - sec .  
The m o b i l i t i e s  vary wi th  temperature according t o  t h e  r e l a t i o n  

where p i s  m o b i l i t y ,  T i s  abso lu te  temperature  i n  O K  and 1< n < 1 . 5 .  
M o b i l i t i e s  of the  o rde r  of 1 cm2/vol t -sec and t h e i r  v a r i a t i o n  i n  
accordance wi th  equat ion  (5) a r e  c h a r a c t e r i s t i c  of semiconductors w i th  
"energy bands" r a t h e r  than those with a "hopping process"  conduct ion.  
Therefore ,  a "Band Theory" s i m i l a r  t o  t h a t  which i s  we l l  known f o r  i n -  
organic  s o l i d s  t o  e x p l a i n  the e l e c t r o n i c  conduct ion i n  organic  s o l i d s ,  
a l s o  may be cons ide red ,  From t h i s  work, LeBlanc (Ref. 21) developed a 
modif ied band theory .  The success  of h i s  p re l imina ry  c a l c u l a t i o n s  
sparked a g r e a t  i n t e r e s t  i n  Band S t ruc tu re  Ca lcu la t ions  (Ref. 24, 25,  
26 ) .  Another i n t e r e s t i n g  experimental  development was the f i r s t  
s u c c e s s f u l  a t tempt  a t  Hal l  measurements on organic  semiconductors by 
Hei lmeier ,  Warf ie ld ,  and Harr i son  (Ref. 2 7 ) .  Thei r  measurements on 
hydrogen phtha locyanine  were followed by some Hall  measurements on 
copper phtha locyanine  (Ref. 2 8 ,  29) .  During the  l a s t  f o u r  o r  f i v e  
y e a r s ,  experimental  evidence has been r e p o r t e d  on the  a p p l i c a b i l i t y  of 
Band theo ry ,  so i t  i s  important  t o  cons ide r  i n  some d e t a i l  the  a c t u a l  
c a l c u l a t i o n s .  I n  a l l  the  Band S t r u c t u r e  C a l c u l a t i o n s ,  a t i g h t - b i n d i n g  
approximation ( a  good account of t h i s  approximation) i s  g iven  by Mott 
and Jones .  

The Theory of t he  P r o p e r t i e s  of Metals  and Alloys 

Dover, 1958, page 65 has  been used and energy bands f o r  excess  
e l e c t r o n s  and ho le s  have been c a l c u l a t e d ,  i n s t e a d  of convent ional  
conduct ion and va lence  bands. LeBlanc has  used the  Huckel molecular  
o r b i t a l s  Simple Linear  Combination of Atomic O r b i t a l  - Molecular O r b i t a l s  - 
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Simple(LCA0-MO) t o  c o n s t r u c t  c r y s t a l  wave f u n c t i o n s  u s i n g  a Bloch sum 
of MO's. For most c a s e s ,  Huckel Molecular  O r b i t a l s  (HMO), a l r e a d y  e x i s t  
i n  the  l i t e r a t u r e ;  however, t o  make Band S t r u c t u r e  C a l c u l a t i o n s ,  one 
should c a l c u l a t e  them. Therefore ,  w e  s t a r t  w i t h  a. s h o r t  d i s c u s s i o n  of 
Hackel Molecular O r b i t a l  Theory. Emphasis i s  p laced  on methods and 
a c t u a l  c a l c u l a t i o n s  r a t h e r  than  b a s i c  theo ry .  

Hiickel Molecular O r b i t a l  Theory 

I n  the  Hiickel Molecular O r b i t a l  Theory f o r  o r g a n i c  s o l i d s ,  w e  
begin  i n  t h e  customary way of s e p a r a t i n g  cr-bonds from t h e  T - o r b i t a l s  
( f o r  a good d i s c u s s i o n  of u a n d  Tr-bonds, see Nature of  t h e  Chemical Bond 
by Paul ing)  and t r e a t i n g  only  t h e  l a t t e r .  I n  t h e  t r e a t m e n t ,  a number of 
s i m p l i f y i n g  assumptions a r e  made: 

1. The n - o r b i t a l s  a r e  co-p lanar ;  i . e .  , they s h a r e  t h e  same nodal  
p l a n e .  

2 .  A l l  bond d i s t a n c e s  a r e  equa l .  

3 .  A l l  non-neighbor i n t e r a c t i o n s  a r e  n e g l i g i b l e .  

Even with t h e s e  s impl i fy ing  assumptions,  an e x a c t  s o l u t i o n  of 
Schrodinger ' s  equat ion  

f o r  a p o l y e l e c t r o n i c  system i s  n o t  p o s s i b l e .  I n  p r i n c i p l e ,  a l though 
numerical  express ions  a r e  p o s s i b l e ,  they provide  an i n e f f i c i e n t  way of 
s t o r i n g  informat ion .  tMoreover,  i t  i s  d i f f i c u l t  i n  t h e  extreme t o  g l e a n  
u s e f u l  p a t t e r n s  from such a t a b u l a t i o n .  

We r e s o r t ,  i n s t e a d ,  t o  t h e  approximation t h a t  $ may be f a c t o r e d  
i n t o  a s e t  of independent o r  n o n i n t e r a c t i n g  atomic o r b i t a l s ,  X, each of 
which d e s c r i b e s ,  i n  e f f e c t ,  a s e p a r a t e  s e t  of  e l e c t r o n s .  

I n  t h e  LCAO-MO method, each MO i s  c o n s t r u c t e d  a s :  

o r  

= c x + cj2 x 2  + . . .  + c j n  'n 'j j l  1 (7) 

( 8 )  +. J = c jr 'r 

where $j i s  the j t h  molecular  o r b i t a l ,  x 
rth atom, and C 

i s  the  atomic o r b i t a l  f o r  t h e  
i s  t h e  c o e f f i c i e n t  of  Ehe r th atomic o r b i t a l  i n  t h e  

j r  
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j th  molecular  o r b i t a l .  
a Hamiltonian o p e r a t o r  which i s  considered f o r  t he  TT-system a lone .  I n  
p r i n c i p l e ,  t h i s  Hamiltonian can be s e t  up e x p l i c i t l y ,  bu t  i n  a c t u a l  
c a l c u l a t i o n s  i t  i s  r a r e l y  necessary  t o  c o n s i d e r  t h e  e x p l i c i t  form. 
I n i t i a l l y ,  a t  l e a s t ,  t o  be once taken as a o n e - e l e c t r o n  Hamiltonian. 

These molecular o r b i t a l s  a r e  e i g e n - f u n c t i o n s  of 

l -  
The problem i s  t o  f i n d  t h e  bes t  s e t  of  v a l u e s  f o r  t h e  c o e f f i c i e n t s  

i n  o r d e r  t o  o b t a i n  t h e  b e s t  va lue  f o r  the energy of t h e  molecular  
o r b i t a l .  This  problem i s  approached by us ing  t h e  v a r i a t i o n  p r i n c i p l e ,  

Any wave f u n c t i o n  o t h e r  than the c o r r e c t  one y i e l d s  a va lue  f o r  
t h e  ground s t a t e  energy which i s  a l g e b r a i c a l l y  h igher  than t h e  t r u e  
v a l u e .  D e t a i l s  of t h e  v a r i a t i o n  technique a r e  d i s c u s s e d  i n  almost 
every book on quantum mechanics ( a  good book i s  Quantum Chemistry by 
Eyring,  Walter ,  and Kimbal) . However, wi th  t h e  v a r i a t i o n  technique t h e  
prDblem i s  reduced t o  f i n d i n g  t h e  s e t  of c o e f f i c i e n t s  C , so t h a t  t h e  
f u n c t i o n ,  E ,  i n  equat ion  (9)  i s  a minimum w i t h  r e s p e c t  2; each of the 
c o e f f i c i e n t s .  Therefore ,  

On c a r r y i n g  o u t  t h e  minimizat ion with r e s p e c t  t o  each of t h e  c o e f f i c i e n t s ,  
d e t a i l e d  a l g e b r a i c  c a l c u l a t i o n s  show t h e  r e s u l t  i n  t h e  fo l lowing  s e c u l a r  
equa t i on : 

. . ........... (HI1 Sll) (H12 S12) ( H l n  - 'In) 

(H21 . S21) (H22 . S ) . . . . . . . . . . .  (H2n - '2n) 22 

. . . . . . . . . . .  ................................. = 0 (11) 

........... ................................. 

where 

(Hn2 . Sn2) ........... (Hnn (Hnl  - 'nl 'nn) 
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The d e f i n i t i o n  shows t h a t  t h e  t e n s o r s  are symmetric, so t h a t  

and 

Hrs = H s r  

Thus f a r ,  no approximation has  been in t roduced  beyond the  o r i g i n a l  
u se  of a l i n e a r  combination f u n c t i o n  as a s o l u t i o n  t o  a one -e l ec t ron  
Hamil tonian.  A t  t h i s  p o i n t ,  some approximations which c o n s t i t u t e  t he  
s imple LCAO, o r  HMO, method a r e  shown. 

The terms, HrS, f o r  r f s a r e  c a l l e d  the  resonance or  bond i n t e g r a l s .  
From the  d e f i n i t i o n ,  Hrs = /Xr  HXs dT , t hese  i n t e g r a l s  r e p r e s e n t  t he  
energy of i n t e r a c t i o n  of two atomic o r b i t a l s .  This  i n t e r a c t i o n  energy 
c l e a r l y  depends on the  d i s t a n c e  o f  s e p a r a t i o n  of t he  two o r b i t a l s ,  
t h e r e f o r e ,  the fo l lowing  assumptions a r e  reasonable .  When atoms r and s ,  
are n o t  bonded i n  a c l a s s i c a l  s t r u c t u r a l  expres s ion ,  t h e  i n t e r a c t i o n  
energy i s  l i k e l y  t o  be s m a l l  

Hrs = 0 

For atoms, r and s ,  bonded, Hr 
a r e  equal  and i f  the  atomic o r g i t a l s  sha re  t h e  same nodal  p l ane ,  t he  
v a l u e s  of  the v a r i o u s  H will have comparable magnitudes.  We assume 
f o r  bonded atoms 

i s  f i n i t e ,  b u t  i f  a l l  t h e  bond d i s t a n c e s  

rs 

Hrs = P 

where p i s  the same f o r  a l l  bonded atoms. 

The terms Hrr a r e  c a l l e d  coulomb i n t e g r a l s .  From the  d e f i n i t i o n ,  

When, as i s  g e n e r a l l y  t h e  
Hrr = / X  
energy 05 an e l e c t r o n  i n  a carbon 2 p - o r b i t a l .  
c a s e ,  the  r - l a t t i c e  c o n s i s t s  e n t i r e l y  of carbon atoms, i t  i s  assumed 
t h a t  a l l  such i n t e g r a l s  a r e  equal  and a r e  r ep laced  by symbol C y .  

HXr dT, t he  coulomb i n t e g r a l  r e p r e s e n t s  approximately t h e  

Hrr = CY (17) 

R e l a t i v e  t o  the  energy of an e l e c t r o n  a t  i n f i n i t y ,  both CY and P are neg- 
a t i v e  energy q u a n t i t i e s .  

The i n t e g r a l s  Srs  a r e  t h e  over lap  i n t e g r a l s .  I f  w e  normal ize  the  
atomic o r b i t a l s  , then 
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Srr = 1 

For atoms sepa ra t ed  by a l a r g e  d i s t ance  the  over lap  i n t e g r a l  i s  
van i sh ing ly  s m a l l .  We make the  assumption t h a t  f o r  r # 2 ,  

srs = 0 

This  assumption s i m p l i f i e s  t h e  mathematics,  a l though i t  i s  n o t  a 
d r a s t i c  measure. It  i s  f r e q u e n t l y  r e f e r r e d  t o  as the  assumption of 
o r t h o g o n a l i t y  and Srs i s  sometimes c a l l e d  the  non-o r thogona l i ty  i n t e g r a l .  
Thus , 

Hrs = a f o r  r = s 

t h  Hrs = p f o r  r # s bu t  bonded ( i . e .  r 
and sth atoms a r e  n e a r e s t  neighbors)  

Hrs = 0 o therwise  

Srs = 1 f o r  r = s 

= 0 f o r  rit s 'rs 

With t h e s e  assumptions,  t he  s e c u l a r  equat ion  y i e l d s  n real  r o o t s  of t he  
form, 

Q! - c j  = - m j P  j = 1, ....., n 
o r  

c j  = a+ m j p  (20) 

I n  p r a c t i c e ,  the  e n t i r e  s ecu la r  equa t ion  i s  d iv ided  by P and 
( a - E ) / p  i s  s e t  equal  t o  X .  This leaves only  one unknown q u a n t i t y ,  X , i n  
t he  s e c u l a r  equa t ion ,  and the  m j ' s  a r e  n va lues  of X ob ta ined  by so lv ing  
t h e  equa t ion .  While w r i t i n g  t h e  secu la r  de te rminant ,  one must number 
the  atoms ( t h i s  may be done by fol lowing any a r b i t r a r y  sequence)  and c a r e  
must be taken  t o  inc lude  a l l  non-zero P terms. A s  an example, s ee  
"Calcula t ion  of Molecular O r b i t a l s  of Hydrogen Phthalocyanine" f o r  a c t u a l  
c a l c u l a t i o n s  on hydrogen phthalocyanine.  

Thus, w e  o b t a i n  n va lues  f o r  the energy g iven  as an a l g e b r a i c  sum 
of the  coulomb i n t e g r a l  and some f r a c t i o n  of a bond i n t e g r a l .  Hence, 
t h e  e n e r g i e s  can  be r ep resen ted  as a series of energy l e v e l s  above and 
below an energy zero  taken a s  a .  Since p i s  n e g a t i v e ,  n e g a t i v e  v a l u e s  
of t he  r o o t s  ( i . e . ,  p o s i t i v e  mj) r e p r e s e n t  energy l e v e l s  more nega t ive  
(more s t ab le ] )  than  the energy o f  a n  e l e c t r ~ ~ ?  in p single c z y h z  28- crb 
i t a l ,  and they r e p r e s e n t  bonding l e v e l s  which correspond t o  the  Bonding 
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Molecular O r b i t a l s .  For mj = 0 ,  the  energy of t h e  molecular  o r b i t a l  i s  
the  same as any c o n s t i t u e n t  carbon 2 p - o r b i t a l ,  and such a molecular  orb-  
i t a l  i s  c a l l e d  a Non-Bonding Molecular O r b i t a l  (NBMO). Negat ive v a l u e s  
of m j  r ep resen t  h ighe r  ene rg ie s  (lower s t a b i l i t y )  than an i s o l a t e d  
carbon 2 p - o r b i t a l ,  and the  corresponding M O ' s  a r e  s a i d  t o  be an t ibonding .  
An energy l e v e l  diagram can be drawn. 

With n va lues  of t h e  e n e r g i e s ,  one can e v a l u a t e  n se t s  of n 
C - c o e f f i c i e n t s .  A t  f i r s t ,  i t  appears  t h a t  we a r e  de te rmining  (n+l)  un- 
knowns (n number of C I S  and one E) wi th  only  n s imultaneous equa t ions ,  
Ac tua l ly ,  these  equat ions  y i e l d  only  t h e  r a t i o s  between the  c o e f f i c i e n t s ,  
e * g -  9 

c 2  c3 'n 

c1 C 1  
-, - ,...., - 

The (n+ l ) th  equat ion  which g ives  the  f i n a l  va lues  i s  the  no rma l i za t ion  
condi  t i  on, 

This  y i e l d s  

o r  

From the  o r thogona l i ty  c o n d i t i o n ,  

c c :  = 1  
r 

Addi t iona l  equat ion:  

o r  

1 2  

2 2 2 (2) + (5) + ..... +(?) = T 

w=* 1 



Since  C1 i s  known, e v a l u a t i o n  of  the C-values can  be  made. 
a p p l i c a t i o n  of the  HMO methdd t o  a s p e c i f i c  problem invo lves  t h e  fo l lowing  
o p e r a t i o n s  : 

The 

(1) S e t  up the  s e c u l a r  determinant .  

(2)  Solve t h e  s e c u l a r  equat ion  f o r  n v a l u e s  of m j .  

( 3 )  S u b s t i t u t e  va lues  of m j  i n  n s imultaneous equa t ions  and so lve  
f o r  r a t i o s  of C - c o e f f i c i e n t s .  

Determinat ion of C - c o e f f i c i e n t s  can  be made by us ing  t h e  fo l lowing  
p r  oc e dur e : 

(1) Pick  up any one va lue  of t h e  r o o t  mj; e . g . ,  m l .  

(2)  Write the  complete determinant  f o r  t h i s  v a l u e  of  t he  r o o t .  

( 3 )  Find a l l  of t h e  c o - f a c t o r s  (n  i n  number) of t h i s  de te rminant .  

( 4 )  Find t h e  r a t i o  (co-factor)n/(co-factor)l, for  n = 1, ..., n ,  
c a l l  i t  (Fn/F1). 

(5) I f  ( c o - f a c t o r ) l ,  wi th  r e s p e c t  t o  t h e  f i r s t  row i s  ze ro ,  t r y  

Find (Fn/Fl)2 f o r  a l l  va lues  of n and add them. 

F ind  t h e  square- root  of C (Fn/F1)* and c a l l  i t  (F /F1).  

c o - f a c t o r s  wi th  r e s p e c t  t o  any o the r  row. 

(6) 

( 7 )  

(8) Divide a l l  t he  (F F ) va lues  by (Fn/F1). This  y i e l d s  the  

n n 

r e q u i r e d  C-values f o r  m i%.'we g e t  n Cln v a l u e s .  1' 

(9)  Repeat the  same procedure f o r  m 2 ,  m3, ..., %. This  w i l l  
y i e l d  n s e t s  of n C-values corresponding t o  n energy v a l u e s .  

One can e a s i l y  t ake  care of over lap  between a d j a c e n t  atoms, b u t  
t h i s  c o r r e c t i o n  a f f e c t s  on ly  the energy and no t  t he  C-value.  Cor rec t ions  
f o r  t h e  v a r i a t i o n  of p have been t r i e d  by v a r i o u s  workers .  
r e f e r e n c e  i s  "Molecular O r b i t a l  Theory f o r  Organic Chemists" by 
A .  S t r e i t w i e s e r ) .  

(A  good 

App l i ca t ion  of Group Theory 

The p r i n c i p a l  d i f f i c u l t y  i n  molecular  o r b i t a l  c a l c u l a t i o n s  of  
molecules  wi th  any degree  of complexity i s  t h e  handl ing  of t he  l a r g e  
s e c u l a r  de te rminant .  However, i f  a l a r g e ,  high-speed d i g i t a l  computer 
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i s  a v a i l a b l e ,  p r a c t i c a l l y  any i n t e r e s t i n g  r-bonded molecule  can be 
handled by the Simple L C A O  method. The molecular  o r b i t a l  problem can 
be s i m p l i f i e d  c o n s i d e r a b l y  by t h e  use  of  group theory .  O f  c o u r s e ,  i t  
i s  advantageous t o  use  group theory even though a computer i s  t o  be 
used,  s i n c e  i t  reduces t h e  computer t i m e .  From a p r a c t i c a l  p o i n t ,  t h e  
u s e  of group theory i s  proposed r a t h e r  than r i g o r o u s  mathematics.  As 
an i l l u s t r a t i o n ,  c o n s i d e r  on ly  t h e  two-fold symmetry axes  f o r  no e r r o r  
i s  made by assuming t h a t  a molecule has  l e s s  symmetry than  i t  a c t u a l l y  
has .  Thus, only f o u r  symmetry o p e r a t i o n s  are cons idered .  

(1) I d e n t i t y  o p e r a t i o n  - t h i s  l e a v e s  t h e  molecule undis turbed  - 
o p e r a t i o n  E .  

( 2 )  Rotat ing t h e  formula through 180" about  X - a x i s  - o p e r a t i o n  

c2 - 
(3) Rotat ing t h e  formula through 180' about  Y a x i s  - o p e r a t i o n  

C; . 

C; . 
( 4 )  Rotat ing t h e  formula through 180" about Z-axis  - o p e r a t i o n  

These opera t ions  p l a c e  each of t he  atoms i n  t h e  l o c a t i o n  of a n o t h e r  
s i m i l a r  atom. R e s u l t s  of t h e s e  o p e r a t i o n s  become c lear  by c o n s i d e r i n g  
t h e  c a s e  of t he  benzene molecule.  X and Y axes a r e  

X 

1-4 ,  2-3, and we can e a s i l y  see t h e  e f f e c g  
i n  t h e  p l a n e  of t he  molecule and Z-axis i s  normal t o  t h e  p l a n e .  The C 
r o t a t i o n  t ransforms atoms 
of o t h e r  o p e r a t i o n s .  The r e s u l t  of t h e s e  o p e r a t i o n s  i s :  

E 

1 
2 
3 
4 
5 
6 

6 

- 

- 
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1 
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4 
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2 

2 
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The numbers shown below t h e  d o t t e d  l i n e  r e p r e s e n t  how many atomic 
p o s i t i o n s  remain unchanged by the o p e r a t i o n  a t  t h e  head of t h e  column. 
These numbers can be used i n  conjunct ion  w i t h  t h e  D2v c h a r a c t e r  t a b l e  t o  
s i m p l i f y  t h e  problem. 

The D2v c h a r a c t e r  t a b l e  h a s  v e r t i c a l  columns corresponding t o  D Y 2v The h o r i z o n t a l  rows symmetry o p e r a t i o n s  E ,  CT, C 2 ,  and C g .  

v a r i o u s  proper  combinations o f  a r i t h m e t i c a l  s i g n s  of t h e  X-funct ions :  

I p 2 ,  r3 and r4 a r e  v a r i o u s  r e p r e s e n t a t i o n s .  These h o r i z o n t a l  rows lead t o  

5 1 1 1 1 

5 1 -1 -1 1 

5 1 -1 1 -1 

r4 1 1 -1 -1 

Each r l e a d s  t o  an n X n determinant  where n i s  t h e  d o t  product  (sum of 
t h e  products  of t h e  r e s p e c t i v e  terms i n  and t h e i r  c o u n t e r p a r t s  below 
t h e  d o t t e d  l i n e  i n  t h e  t a b l e  of r e s u l t s  of symmetry o p e r a t i o n s )  d i v i d e d  
by t h e  number of symmetry opera t ions  ( h e r e  f o u r ) .  

For ~ l , n = ( 1 x 6 + l x O + 1 x 2 + 1 x O ) f 4 = 2  

For r n = (1 x 6 - 1 x 0 - 1 x 2 + 1 x 0 ) + 4  = 1 

For 5 ,  n = (1 x 6 - 1 x 0 + 1 x 2 - 1 x 0) i4 = 2 
2 '  

For I?,, n = (1 x 6 + 1 x 0 - 1 x 2 - 1 x 0 ) + 4  = 1 

Thus, f o r  benzene, t h e  6 x 6 s e c u l a r  de te rminant  i s  reduced t o  two 2 x 2 
and two 1 x 1 s e c u l a r  determinants .  

Cons t ruc t  t h e  t r i a l  wave f u n c t i o n s  f o r  t h e  s e p a r a t e  r e p r e s e n t a t i o n s  
(T's) a s  t h e  d o t  product  of each h o r i z o n t a l  row of t h e  c h a r a c t e r  t a b l e  
w i t h  t h e  t a b l e  of t r a n s p o s i t i o n s  under t h e  symmetry o p e r a t i o n s .  Thus, 
f o r  rl, t he  fo l lowing  t r i a l  wave f u n c t i o n s  are shown: (X = x) 

x3 + x, + x, + Xh 
- 
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x4 + x1 + x4 + x1 
x5 + X6 + x3 + x2 
x + x + x2 + x3. 6 5 

Of t h e s e ,  only two are independent .  A f t e r  no rma l i za t ion ,  MO i s  shown 
as 

+ p- '  pd2 

p a  CY--E 

r= 

= (c1/2)  (x2 + x3 + x5 + x6 + (c2/ &) ( X I  + x4) 

The e lements  of t h e  determinant  are found i n  the  u s u a l  way: 

= o  

H11 = /1 /2  (X2 X 3  + X 5  + x6) H 1 / 2  (X2 + X 3  + Xg + x6) dT = ( Y + p  

= 

= !l/$ (X1 + X4) H I/$ (X1 4- X4) dT = cy 

!1/2 (X2 + X3 + X5 + X6) H 1/J2 (XI + X4) dT = p$ H12 

H2 2 

Thus, t h e  s e c u l a r  equa t ion  f o r  rl becomes 

Dividing by p and p u t t i n g  (cu-E)/p = X 

x + l  J2 
yr2 x 

= o  

o r  

X = 1 and X = -2  

I n  a s i m i l a r  way, cons ide r  t he  c a s e s  r2, r3, andr4.  

u se  of h ighe r  symmetry ( a c t u a l  symmetry) i s  b e n e f i c i a l  i n  complex 
molecules ;  however, c a r e  must be used i n  c o n s t r u c t i n g  t h e  wave funct i .ons.  

For more complex molecules ,proceed i n  e x a c t l y  the  same way. The 

Proceed t o  the  band s t r u c t u r e  c a l c u l a t i o n s  cons ide r ing  t h e  pro-  
cedure  suggested by Le Blanc (Ref.  21 ) .  

Ca lcu la t ion  of Band S t r u c t u r e  

Band s t r u c t u r e  c a l c u l a t i o n s  f o r  o rgan ic  s o l i d s  are based on the  f a c t  
t h a t  t h e  concen t r a t ion  of excess  e l e c t r o n s ,  o r  h o l e s ,  i s  v e r y  s m a l l ,  
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t h e r e f o r e ,  a o n e - p a r t i c l e  t reatment  i s  v a l i d .  F u r t h e r ,  t h e  b inding  
energy of t h e  molecular  c r y s t a l s  i s  v e r y  small  i n  r e l a t i o n  t o  e x c i t a t i o n  
e n e r g i e s  of  t h e  v a r i o u s  e x c i t e d  e l e c t r o n i c  s t a t e s  of  t h e  molecule (and 
c r y s t a l ) ,  so  the  t i g h t  binding approximation may be employed. I n  t h i s  
method, o n e - e l e c t r o n  c r y s t a l  wave f u n c t i o n s  (unnormalized) are con- 
s t r u c t e d  from l i n e a r  combinations of o n e - e l e c t r o n  molecular wave f u n c t i o n s .  
The p o s s i b l e  l i n e a r  combinat ions,  adopted f o r  t h e  t r a n s l a t i o n a l  symmetry 
of t h e  c r y s t a l ,  a r e  (Ref. 19)  

Here rn denotes  t h e  geometr ica l  c e n t e r  of molecule,  n ,  and t h e  sum ex- 
t e n d s  over t he  n molecules  i n  t h e  c r y s t a l .  The molecular  wave f u n c t i o n ,  
+n ,  i s  understood t o  be o r i e n t e d  i n  t h e  c r y s t a l  i n  t h e  same way as i n  
molecule ,  n .  Otherwise,  +n i s  the s a m e  f u n c t i o n  f o r  a l l  n .  

The Hamiltonian a p p r o p r i a t e  to  an excess e l e c t r o n  (o r  h o l e ) ,  has  
t h e  form 

H =  (6) v2 + V(r)  ( 2 6 )  

where V ( r ) ,  which determines the  c r y s t a l  f i e l d ,  w i l l  be approximated by 

V(r) = X Vn(r - r n )  (27) 
n 

where Vn i s  t h e  Hartree p o t e n t i a l  of an i s o l a t e d  n e u t r a l  molecule .  
an i s o l a t e d  molecular i o n ,  t h e  Hamiltonian i s :  

For 

2 
H i  = ( -h2/  2m) v + Vn 

from which i t  fo l lows  t h a t  

i s  t h e  energy of t h e  i s o l a t e d  negat ive  i o n  r e l a t i v e  t o  i n f i n i t e  sep-  
a r a t i o n  of t h e  e l e c t r o n  and the  n e u t r a l  molecule.  Following Balk,  
deBrui jn  and H o i j t i n k ,  (Ref. 30) t h e  energy e igenvalue  of \kn  i s :  

E (k) = l \ k > k H \ k d 7  (30)  

(31 1 

where sums a r e  taken over  a l l  molecules except  t h e  one w i t h  i t s  c e n t e r  
l o c a t e d  a t  t h e  o r i g i n .  The symbols appearing i n  t h e  above e q u a t i o n  a r e  
d e f i n e d  as follows: 
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For c a l c u l a t i n g  the  mob i l i t y  t e n s o r ,  w e  are i n t e r e s t e d  only  i n  the  
k v a r i a t i o n  of t h e  energy bands,  t h e r e f o r e ,  i t  i s  necessa ry  only t o  
examine t h e  l a s t  t e r m  i n  the  above equat ion .  ( I n t e g r a l s  i n  t h i s  t e r m  
are c a l l e d  resonance i n t e g r a l s ) .  

C a l c u l a t i o n  of Resonance I n t e g r a l s  

The molecular o r b i t a l s  which are used a r e  u s u a l l y  l i n e a r  combinat ions 
of S l a t e r - t y p e  atomic o r b i t a l s  (Ref. 3 1 ) .  (Recent ly ,  v a r i o u s  o t h e r  types  
of atomic o r b i t a l s  have been used (Ref. 3 2 ) .  

9, = g cni 'i ( 3 5 )  

The c o e f f i c i e n t s  Cni a r e  determined by HMO t heo ry ,  and Ui i s  g iven  by 
S l a t e r  as 

ui = (a5/n) ' I2  r i c o s  si exp (-crri) (36) 

8 w i t h  = 1 . 6 4  atomic u n i t s  = 3 . 0 8  x 10 cm-l. 

The p o t e n t i a l  f u n c t i o n  f o r  t h e  n e u t r a l  molecule i s  u s u a l l y  taken  as 

- c v  
'n - i i  

where Vi i s  t h e  Goeppert-Mayer and S k l a r  p o t e n t i a l  
atom, i .  Using S l a t e r  type o r b i t a l s ,  we g e t  

Vi = -e 2 ri -11 { 4  + 6 ( a  ri) + 4 (curi) 2 + 4 / 3  (mi) 3 

( 3 7 )  

(Ref. 3 3 )  of carbon 

I f  one n e g l e c t s  t h r e e - c e n t e r y  o r  h i g h e r ,  i n t e ra tom c i n t e g r a l s  ( i n c l u s i o n  
of t h r e e - c e n t e r  i n t e g r a l s  has been d i scussed  i n  Ref. 1 4 ) ,  each i n t e r -  
molecular  i n t e g r a l  i s  g iven  by 

Thus, t h e  problem reduces  t o  t h a t  of f i n d i n g  t h e  i n t e g r a l s  JUi Vi U .  dT 
s i n c e  c o e f f i c i e n t s  C 
i n t e g r a l s  may be solved numer lca l ly ;  however, a method of c a l c u l a t i n g  
t h e s e  i n t e g r a l s  has  been g iven  by Murre11 (Ref .  3 4 ) .  

and C n .  a r e  known from HMO c a l c u l a t i o n s .  Thdse 
m i  

Ca lcu la t ion  of  Mobi l i ty  Tensor 

I 

For c a l c u l a t i n g  the mob i l i t y  t e n s o r ,  i t  i s  assumed t h a t  c a r r i e r  
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s c a t t e r i n g  can be descr ibed  i n  terms of a r e l a x a t i o n  Lime f u n c t i o n ,  ~ ( 3  
(Ref.  3 5 ) ,  then  cons ide r  two func t iona l  forms f o r  T ( k ) ,  each involv ing  
one i s o t r o p i c  s c a t t e r i n g  parameter:  

(a) T(k) = T o  - cons tan t  f r e e  t i m e  

(b)  T(k) x 7 (c) = A -  c o n s t a n t  f r e e  p a t h  
-c 

Here, 7 (k) i s  the  v e l o c i t y  a s soc ia t ed  wi th  \k and it  i s  g iven  by k’ 

where 

and Vmn = J+m Vm 9 dT(the resonance i n t e g r a l ) .  

A t  t h i s  s t a g e ,  i t  i s  assumed t h a t  o r  7, i s  i s o t r o p i c .  This  
assumption, obvioGsly,  i s  an o v e r s i m p l i f i c a t i o n  s i n c e  t h e  s c a t t e r i n g  
parameters  should be a n i s o t r o p i c  i n  t h e  real  c r y s t a l .  

For c o n s t a n t  f r e e  t ime, 70, the components of t h e  mob i l i t y  t enso r  
a r e  

(v. V) /kT Pij = e r0 1 J  

where V are corresponding components of V (k ) .  i 

For c o n s t a n t  f r e e  p a t h ,  A ,  the  components of t he  m o b i l i t y  t enso r  
a r e  

For a comparison of the  mob i l i t y  t enso r  wi th  experimental  v a l u e s ,  
g e n e r a l l y  w e  c a l c u l a t e  pii va lues  along or thogonal  axes .  

CALCULATION OF MOLECULAR ORBITALS OF HYDROGEN PHTHALOCYANINE 

Using t h e  s imple LCAO-MO (HMO) method, c a l c u l a t i o n s  have been made 
of the  molecular  o r b i t a l s  f o r  hydrogen phtha locyanine .  The molecular  
s t r u c t u r e  of t h e  m a t e r i a l  i s  shown i n  Fig 2 .  The v a r i o u s  atoms have 
been numbered. Atoms 5 ,  1 4 ,  23,  32, 3 7 ,  3 8 ,  39 and 40 a r e  n i t r o g e n  and 
a l l  o t h e r s  are carbon atoms. For such a molecule ,  j u s t i f i c a t i o n  cannot  
be made by us ing  t h e  same CY and p fo r  a l l  t h e  i n t e g r a l s  involved.  
n i t r o g e n  atoms, the  coulomb i n t e g r a l ,  
resonance i n t e g r a l s  w i th  bonded carbons must be r ep laced  by 4 -  . 
Following S t r e i t w i e s e r ( R e f .  3 6 ) ,  we have CY = cyc + pc-c andp = 

For 
C Y ,  must be r ep laced  by ar and 

n c -n  
’ L’LI 

pc-c. 
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With t h e s e  va lues  of coulomb and resonance i n t e g r a l s ,  t he  complete s e c u l a r  
equa t ion  can  be w r i t t e n :  

The c o r r e c t  symmetry of t h e  hydrogen phtha locyanine  molecule i s  
D2h (Ref. 37). 
symmetry of t h e  molecule as D (Ref. 38). The Tr-electron MO's are; by 4b d e f i n i t i o n ,  a l l  ant isymmetr ic  w i th  r e s p e c t  t o  t h e  molecular  p l a n e ,  and, 
t h e r e f o r e ,  they belong t o  r e p r e s e n t a t i o n s  Alu, A , Blu, B2u, and Eg. 
For each of  these  r e p r e s e n t a t i o n s  t r i a l  wave funz f ions  have been con- 
s t r u c t e d .  The t r i a l  wave f u n c t i o n s  have been c o n s t r u c t e d  i n  e x a c t l y  
t h e  same manner as o u t l i n e d  f o r  t h e  benzene molecule wi th  D synnnetry. 
However, i n  r e p r e s e n t a t i o n  Eg, t h e r e  i s  some freedom of cho ice  i n  
the  forms of MO. The t r i a l  wave f u n c t i o n s  used i n  the  c a l c u l a t i o n s  
are l i s t e d  below: 

However, l i t t l e  e r r o r  i s  in t roduced  by us ing  t h e  

?v 

Representa t ion  A l u  

+ X12 + x30 + x7 + x25 + X16 + x34) + - c4 (x3 + x21 2 \E! 

Rep r e  s e n t  a t  i on A2u 

c2 
'18 - '36) + 2  = (X1 + XI9 + Xl0 + x28 - xg - x27 - 

2 4  
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Representation B l u  

3 = - c1 (X1 + X19 - Xl0 - X 2 8  + xg + XZ7 - X18 - x36> + 
2 2  

Representation B 2u 

4 = - (X1 + X19 - Xl0 - x2* - xg - X Z 7  + X 1 8 + X  > + -  c2 
36 2 2 2 2  

( x 3  + x21 - x12 - 
c 3  

17 '35' + - 
2 2  Xll - x - X8 + x 

( x 2  + x20 29 

C 

2 2  
+ x + x34> + 4 ( X 4  + x22 - X13  - X g 1  - x - 

6 '30  - ' 7  - ' 2 5  16 

(x37 + x39 - ' 3 8  - '40' 
+ x  > + -  c5  

' 2 4  -I- ' 1 5  33 

Representation E 

5 = 2 ( X 1  + X18 - X19 - x36> + C 2  ( X 2  + X17 - x20 - x35> + 
2 

2 1  



Proceeding in the usual way, 
obtained : 

the following secular equations are 

lu Representation A 

(X + 1) 1 

1 X 

0 1 

0 0 

0 0 

0 0 

Rep re sen tat ion A2u 

(X - 1) 1 

1 X 

0 1 

0 0 

Representation B lu 

(X - 1) 1 

1 X 

0 1 

0 0 

0 0 

0 

0 

1 

X 

.8d 

0 0 

0 O I  
0 0 

( 0 . 8  d2) (0.8 4 2 )  
= 0 ( 4 4 )  

(X + 1) 0 

(0.8xQ) 0 

0 

0 

1 

X 

= o  

0 0 

0 0 

1 0 

X 0.8 4 2  

0.8 4 2  (X + 1) 

( 4 5 )  
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Representa t ion  B2u 

1 rx + 
1 X 

0 1 

0 0 

0 0 

Representa t ion  E, 

(X - 1) 1 0 

1 x 1  

0 1 (X-1) 

0 0 1 

0 0 0  

0 0 0  

0 0 0  

0 0 0  

0 0 0  

0 0 0  

1 

0 

0 

0 

0 

0 .8  

X 

0.8  & 

0 0  

0 0  

0 0  

0 0  

0.8 (X+l )  0.8 0 

0 0.8 X 1 

0 

0 

0 

0.8 d2 

(X + 1) 

0 0 1 ( X + l )  1 

0 0 0 1 x  

= o  

0 0  

0 0 

0 0  

0 0  

0 0  

0 (0.8.cQ) 

0 0  

1 0  

0 0 0 0 1 (X+l)(X+l) 0 

0 0 (0 .8d2)  0 0 0 0 (X+l) 

(47)  

= 0 (48)  

I n  these  equat ions ,  X = (a- E)/P where CY i s  the coulomb i n t e g r a l  
f o r  carbon and p i s  the  resonance i n t e g r a l  f o r  carbon. 
i n t e g r a l  f o r  n i t rogen  and t h e  resonance i n t e g r a l  between C and N have 
been taken as l i s t e d  e a r l i e r .  

The coulomb 

Energy eigenvalue parameters, X ,  and corresponding C-coe f f i c i en t s  
f o r  va r ious  va lues  of X have been computed by us ing  an IBM 7094 computer. 
The program w a s  w r i t t e n  and checked by us ing  the secular eqi iat inn f n r  
r e p r e s e n t a t i o n  A2p. Only 0.62 minutes of computer t i m e  w a s  requi red .  
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This  may be compared wi th  the  time r equ i r ed  (-26 minu tes l fo r  so lv ing  
the  40 x 40 determinant equat ion obta ined  when the group theory  was no t  
used. Values of t he  energy eigenvalue parameters  (X) and C - c o e f f i c i e n t s  
a r e  l i s t e d  i n  Tables  I V Y  V ,  V I , . V I I ,  V I I I ,  and IX. Figure  3 shows the  
energy l e v e l s .  Energy l e v e l s  i n  group spec ie  E are doubly degenerate  
and can have up t o  four  e l e c t r o n s .  g 

CALCULATION OF ELECTRON DENSITIES AND MOBILE BOND ORDERS 

From the  computed va lues  of Kickel c o e f f i c i e n t s  one can  c a l c u l a t e  
e l e c t r o n  d e n s i t i e s  a t  va r ious  atomic s i t e s  and mohile bond o rde r s .  An 
e l e c t r o n ,  occupying the  molecular o r b i t a l ,  + , w i l l  spend a f r a c t i o n  of 
i t s  time given by the  expression / c . k / 2  i n  tde atomic o r b i t a l ,  x , 
consequent ly ,  t h e  t o t a l  average chadge on the  atomic s i t e ,  k ,  w i k l  be 

I 

2 
p =Cnj /C jk /  ( 4 9 )  

where the  summation i s  extended over a l l  the  occupied + . I s  and n j  i s  
t h e  number of e l e c t r o n s  i n  the o r b i t a l ,  +. . 
of e l e c t r o n i c  charge.  I n  t h i s  c a s e ,  t he  hmmation i s  taken over 2 1  
M O ' s  of the  lowest energ ies  s i n c e  t h i s  molecule has 42 n -e l ec t rons .  
(Each MO of the Eg spec ie  has been considered equiva len t  t o  two M O ' s ,  
and then,  n j  = 2 f o r  a l l  va lues  of j ) .  The computed va lues  of p are 
shown i n  fable  X.  I n  add i t ion  t o  e l e c t r o n  d e n s i t i e s ,  t he re  i s  
another  quan t i ty  used i n  determining the e l e c t r o n i c  s t r u c t u r e  of the  
molecule c a l l e d  the mobile bond order ,  and def ined  as 

p i s  the c i a r g e  i n  u n i t s  

This  i s  the  mobile bond order  of bond, rs. The c a l c u l a t e d  va lues  f o r  
the  mobile bond orders  of va r ious  bonds i n  phthalocyanine are shown i n  
Table X. Also,  included i n  Table X a r e  the  va lues  of p and prs as 
c a l c u l a t e d  by Basu (Ref .  3 7 ) .  The d i f f e r e n c e  between the two s e t s  of 
d a t a  i s  apprec iab le  because of Basu 's  i n i t i a l  approximation of r e -  
p l ac ing  a l l  n i t rogen  atoms by carbon atoms. Of p a r t i c u l a r  s i g n i f i c a n c e  
i s  the  f a c t  t h a t ,  con t r a ry  t o  B a s u ' s  c a l c u l a t i o n s ,  t he  charge dens i ty  
a t  atomic s i t e  5 i s  not  minimum. Ins t ead ,  t he  charge d e n s i t y  i s  
minimum a t  atomic s i t e  4.  This exp la ins  the  ox ida t ion  r e a c t i o n  of 
phthalocyanines with acyl  peroxide,  organic  hypochlor i te ,  e tc .  , and 
the formation of va r ious  dyes from metal phthalocyanines .  

CALCULATION OF BAND STRUCTURE OF HYDROGEN PHTHALOCYANINE 

Crys t a l  S t r u c t u r e  

I n  previous d i scuss ion ,  t he  c a l c u l a t i o n  of t he  band s t r u c t u r e  
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e s s e n t i a l l y  means eva lua t ion  of resonance i n t e g r a l s  ( r e f e r  t o  main 
t o p i c ) .  For eva lua t ion  of resonance i n t e g r a l s ,  i t  i s  necessary t o  
know the o r i e n t a t i o n  of molecules i n  a u n i t - c e l l  and the  coord ina tes  
of va r ious  atoms i n  a molecule. A d e t a i l e d  X-ray a n a l y s i s  of the 
hydrogen phthalocyanine c r y s t a l  has been r epor t ed  by Robertson (Ref. 3 8 ) .  
The c r y s t a l  i s  monoclinic wi th  two centro-symmetrical  molecules p e r  
u n i t - c e l l  of volume 1173 8. The space group i s  C2h (P21/a). 

a = 19.85 8 

b = 4.72 8 

c = 14.8 a 
0 = 122.25 R 

A schematic r e p r e s e n t a t i o n  of t he  u n i t - c e l l  which i l l u s t r a t e s  the 
p o s i t i o n s  of t he  c e n t e r s  of molecules i s  shown i n  Fig 4. The coord ina tes  
of va r ious  atoms i n  a molecule with r e s p e c t  t o  molecular axes L and M 
a r e  shown i n  Fig 5 and Table X I .  Coordinates of t hese  atoms wi th  
r e s p e c t  t o  the  monoclinic c r y s t a l  axes (with c e n t e r  of symmetry of 
molecule 1 i n  F ig  5 as the  o r i g i n )  a r e  shown i n  Table X I I .  

Ca lcu la t ion  of Resonance I n t e g r a l s  

The hydrogen phthalocyanine molecule has  42 n -e l ec t rons ,  and each 
energy s t a t e  i s  occupied by two e l e c t r o n s .  (Energy s ta tes  belonging 
t o  group spec ie  Eg are occupied by four  e l e c t r o n s  s ince  they a r e  doubly 
degenerate  s t a t e s ) .  Therefore ,  the energy l e v e l  diagram (Fig  3) immediately 
sugges ts  t h a t  an excess  e l e c t r o n  and an excess  hole  w i l l  go t o  molecular 
o r b i t a l s  +e and +h ,  r e s p e c t i v e l y ,  given by: 

+e = 0.16348 (X1 + X - X 19 - X36) + 0.16556 (X2 + X17 - X20 - x35) 

- X21 - X34) - 0.32899 (X4 + X15 - x 2 2  - x33) -0.16139 (X, + X16 

+ 0.19652 (X5 + X 
-0.04405 (X7 + X 12 - X 2 5  - X30) - 0.04295 (X8 + X1l - X 2 6  - X29) 

+0.04351 (X 

- X23 - X32) + 0.08645 (X + X13 - X 2 4  - X31) 14 6 

+ X 10 - '27 - '28) - 0.09906 (X37 + X38 - X39 - X40) 9 
0.36639 

('1 + '19 + '10 + '28 - x g  - '27 - x18 - "36) 
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Where X .  i s  the 2p,atomic o r b i t a l  f o r  carbon o r  n i t rogen ,  as the  case  
may be,  on the i t h  atomic s i t e  as shown i n  F ig  2 and Table XIII. 1 

EXPERIMENTAL MEASUREMENTS 

TWO schools have r epor t ed  success fu l  H a l l  measurements on copper- 

The r e s u l t s  of Heilmeier and Harr i son  R e f .  29) 
phthalocyanine s i n g l e  c r y s t a l s  (Ref. 28 and 29) ,  un fo r tuna te ly ,  the  two 
r e s u l t s  do not agree.  
d i f f e r  from c r y s t a l - t o - c r y s t a l .  Therefore ,  t h e r e  i s  a need f o r  more 
r e l i a b l e  and reproducib le  Hall  mob i l i t y  measurements on hydrogen and 
copper phthalocyanine,  wi th  primary i n t e r e s t  i n  t h e  o rde r  of magnitude 
of the H a l l  mobi l i ty  and i t s  v a r i a t i o n  wi th  temperature.  Two d i f f e r e n t  
experimental  techniques have been used f o r  measuring H a l l  mobi l i ty .  

Measurement of Spec i f i c  R e s i s t i v i t y  and Hall  Mobil i ty  
For a Vacuum Deposited Sample-Method I 

This  method i s  based on the  theory developed by Vander Pauw (Ref, 
3 9 ) .  It has an advantage i n  t h a t  we do not  need any f i x e d  geometry of 
t he  sample. In  f a c t ,  t h e  H a l l  mobi l i ty  and s p e c i f i c  r e s i s t i v i t y  of a 
f l a t  sample of a r b i t r a r y  shape can be measured without  knowing the  
c u r r e n t  p a t t e r n  i f  the  following cond i t ions  are f u l f i l l e d :  

1. the  con tac t s  are a t  the circumference of the  sample 

2. t he  con tac t s  a r e  s u f f i c i e n t l y  s m a l l  

3 .  t he  sample i s  homogeneous i n  th i ckness ,  and 

4.  the  su r face  of t he  sample i s  s i n g l y  connected, i . e . ,  the  
sample does not  have i s o l a t e d  ho le s .  

I n  t h e  theory,  some r e s i s t a n c e  parameters  a r e  def ined  as fol lows:  

Consider F ig  6 i n  which A,  B, C y  and D are four  success ive  c o n t a c t s  
f i xed  on a r b i t r a r y  p l aces  along the circumference.  The r e s i s t a n c e  
RAB, CD i s  def ined as the p o t e n t i a l  d i f f e r e n c e  (VD - Vc) between the  
c o n t a c t s  D and C p e r  u n i t  c u r r e n t  through t h e  c o n t a c t s  A and B.  The 
c u r r e n t  e n t e r s  the  sample through the  con tac t  A and leaves  i t  through 
t h e  c o n t a c t  B. 
RBD, AC where the  c u r r e n t  flows through c o n t a c t s  BC and BD, r e s p e c t i v e l y .  

S imi l a r ly ,  def ined a r e  the  r e s i s t a n c e s  RBC, DA and 
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Following Vander Pauw, s p e c i f i c  r e s i s t i v i t y ,  p ,  i s  given by 

R R where f i s  a func t ion  of t he  r a t i o  ( AB,CD/ BC,DA) only and can be ob- 
t a ined  by us ing  t h e  graph presented by Vander Pauw (Ref. 3 8 ) .  

The H a l l  mob i l i t y ,  p can be determined by measuring the change of 
H' 

t he  r e s i s t a n c e  RBaYAD when a magnetic f i e l d  i s  appl ied  perpendicular  t o  
t h e  sample. The a l l  mobi l i ty  i s  given by 

(52) - - - .  d A (.RBD,AC) 
p H  B P 

) the  change of the 
due t o  t h e  magnetic f i e l d  d i s  t h e  th ickness  of 

A (RBQ ' #C where B i s  the  magnetic induct ion  and 
r e s i s t a n c e  R 
t h e  sample. 

BD' AC 

H Combining equat ions f o r  p and p 

In  our measurements, w e  used powdered hydrogen phthalocyanine and 
vacuum depos i ted  i t  on a g l a s s  subs t r a t e .  The vacuum depos i ted  f i l m  
w a s  of ' c lover  shape. '  This sample shape has many advantages,  i t  g ives  
a r e l a t i v e l y  l a r g e  H a l l  e f f e c t  a t  moderate h e a t  d i s s i p a t i o n  which i s  
important  when measuring mater ia l s  of low mobi l i t y  such as phthalocyanines .  
E l e c t r i c a l  c o n t a c t s  were made by applying a f i n e  s i l v e r  p a s t e  do t  a t  
the  t i p  of a #40 AWG w i r e .  
a c t i o n  and glued t o  the  g l a s s  s u b s t r a t e  w i th  epoxy cement. A Kei th ley  
610 R e lec t rometer  w a s  used to  measure the p o t e n t i a l  d i f f e r e n c e s  along 
wi th  a Kei th ley  secondary s tandard r e s i s t a n c e  of 
used t o  measure the  cu r ren t .  
much lower than the  va lues  e x i s t i n g  i n  the  l i t e r a t u r e .  
r e s i s t i v i t y  as w e l l  as the  mobil i ty  va lues  changed wi th  t i m e .  
behavior  has  been shown (Ref. 40) t o  be due t o  impur i t i e s .  
work wi th  t h i s  technique w a s  d iscont inued because material wi th  g r e a t e r  
p u r i t y  w a s  n o t  a v a i l a b l e .  

The wires were he ld  i n  p o s i t i o n  under spr ing  

ohms which w a s  
The va lues  of r e s i s t i v i t y  obtained were 

Moreover, t he  
Such 

Fur ther  

Measurement of H a l l  Mobil i ty  wi th  S ing le  C r y s t a l s  - Method I1 

I n  the  second rnpthrrd, Ed .1  ~SSLZCFCZ~Z %ere iiiadr w i i i i  s i n g i e  
c r y s t a l s  of hydrogen phthalocyanine.  Usual ly ,  measurements wi th  s i n g l e  
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c r y s t a l s  need a proper  geometry (a r e c t a n g u l a r  p l a t e )  as shown i n  
F ig  7 .  I f  the width of t he  p l a t e  i s  b and t h e  th i ckness  d ,  a c u r r e n t ,  
I ,  i s  passed through the  p l a t e  and t h e  conduc t iv i ty ,  cr, determined by 
measuring the  vo l t age ,  Vc, between two c o n t a c t s  a d i s t a n c e ,  1, apa r t .  
Then 

I .  1 
Vc bd 

(T = -  - (54) 

I f  t h e  vol tage  produced by a magnetic i nduc t ion ,  B,  between the  
H a l l  probes,  i s  VH, then 

R = ' H d  
B . 1  

(55) 

where R i s  Hall cons tan t .  

I f  we presume t h a t  t he re  i s  only one type of c a r r i e r  ( e i t h e r  ho le  
o r  e l e c t r o n )  then t h e  c a r r i e r  mob i l i t y ,  p i s  given by H' 

The phthalocyanine c r y s t a l s  are very  s m a l l ,  needle  shaped, and of 
i r r e g u l a r  c ros s - sec t ion ,  Therefore ,  i t  i s  no t  p o s s i b l e  t o  r e p o r t  c o r r e c t  
va lues  of 
of magnitude, 

(T, R,  o r  pH. However, our measurements do provide the  o rde r  

The c r y s t a l s  were mounted on a g l a s s  s u b s t r a t e  us ing  epoxy cement. 
Fine copper wire e l e c t r o d e s  were a t tached  t o  t h e  c r y s t a l s  under a 
microscope using a s i l v e r  p a i n t .  
purpose. 
e l e c t r i c a l  connections a r e  shown schemat ica l ly  i n  Fig 8. The output  
ac ross  the  Hall probe w a s  recorded as a func t ion  of t i m e ,  and the  H a l l  
vo l t age  w a s  measured by us ing  the  i n t e g r a t i o n  technique (Ref .  27). 

A micromanipulator w a s  used f o r  t h i s  
The e l ec t rodes  were he ld  i n  p o s i t i o n  by spr ing  a c t i o n .  The 

The I R  drop ( - 0 . 8  v o l t s )  ac ross  the H a l l  probe was p a r t i a l l y  
suppressed by us ing  the  ze ro - se t  of the  e l ec t rome te r .  
of t h e  c r y s t a l  were measured by a t r a v e l i n g  s t a g e  microscope. 
of t he  measurements are ind ica t ed  below and i n  Table X I V .  

Actual dimensions 
Resu l t s  

C r y s t a l  Dimensions 

1 = 0.203 m. 
d = 0.015 mm. 
b = 0.008 mm. 
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H a l l  Measurement Values 

Temp e r  a t u r  e Ea11 Voltage Magnetic F i e l d  Hal l  Mobil i ty  

2 9 3 ° K  200 v 8 K Gauss  1.6 cm2/volt  s ec .  

3 2 8 ° K  180 V 8 K Gauss  1 . 4  cm2/volt  sec .  

DISCUSSION AND RECOMMENDATIONS 

These measurements show t h a t  H a l l  mob i l i t y  i s  lower a t  h igh  
temperature ,  and t h i s  t rend  i s  pred ic ted  by the Band Theory; however, w e  
cannot  a t t a c h  too much s ign i f i cance  t o  our  l imi t ed  r e s u l t s  because of 
t he  fol lowing d i f f i c u l t i e s  i n  the  experimental  arrangement: 

1. The minimum s e n s i t i v i t y  of t h e  e lec t rometer  i s  inadequate .  

2 .  The p o t e n t i a l  drop between H a l l  probes could n o t  be e l imina ted .  

3 .  The e f f e c t  of oxygen i s  pronounced on the  conduct iv i ty  of 
phthalocyanines ,  and d id  no t  con t ro l  t h e  oxygen environment. 

More r e f i n e d  measurements a re  proposed employing a much more 
A c y l i n d r i c a l  h e a t e r  which i s  capable  of s e n s i t i v e  e lec t rometer .  

g iv ing  a much h igher  temperature than the p re sen t  one has been fab-  
r i c a t e d .  I n s i d e  t h i s  h e a t e r ,  w e  can maintain an i n e r t  n i t rogen  a t -  
mosphere. To c o n t r o l  the  I R  drop, more p r e c i s e  H a l l  probes have been 
mounted, An arrangement f o r  measuring the  photo-Hall  e f f e c t  has been 
completed. I n  e a r l i e r  measurements a g l a s s  s u b s t r a t e  w a s  used, bu t  i n  
the  f u t u r e ,  a qua r t z  s u b s t r a t e  w i l l  be used t o  reduce s u b s t r a t e  e f f e c t ,  
i f  any. These experimental  ref inements  w i l l  be requi red  along wi th  
improvements i n  m a t e r i a l  p u r i t y  and wi th  techniques f o r  growing l a r g e r  
c r y s t a l s  before  the  p r a c t i c a l  uses  of organic  semiconductors can be 
examined i n  d e t a i l .  
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TABLE I - SOME DONOR-ACCEPTOR COMPLEXES REGARDED AS ORGANIC SEMICONDUCTORS 

I DONOR 

1, 6 - Diaminopyrene 

Perylene 

Coronene 

Te tr ac ene 

Pent acene 

Naphthalene 

3orp ho 1 i ni um 

5,8 - Dihydroxyquinolinium 

Triphenylmethylphosphonium 

Dip heny 1 amine 

ACCEPTOR 

Chloranil, Bromanil, Iodanil 

Iodine 

Iodine 

TCNE 

Chloranil 

TCNE 

TCNQ 

TCNQ 

TC NQ 

p - benzoquinone 
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TABLE 11. - MEASURED PROPERTIES O F  FREE RADICALS 

RADICAL 

DPPH 

ACTIVATION ENERGY R E S I S T I V I T Y  
E ,  e V  P, ohm-cm 

0.16 - 0.36 lo9 

COPLINGER'S  RADICAL 

BANFIELD AND KENYON'S RADICAL 

I 1.45 

2 . 3 1  
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A2u B lu  B2u 

-2.5732165 2.1935270 2.2398093 -2.1935270 
1.5732165 -1.1935271 -1.8879976 1.1935271 

-1.8273178 1.2949629 1.3810755 -1.2949629 
0.8273178 -0.29496289 0.26711276 0.29496289 

-0,99999995 -0.99999995 -1.0000000 
-0.99999999 

* 

TABLE V .  - C - C O E F F I C I E N T S  FOR VARIOUS ENERGY PARAMETERS (X)  
(FOR GROUP S P E C I E  Alu) 

E 
g 

2.21845758 0.77759276 
-2.48168329 -1.45955473 

1.30593557 1.49007338 
-0.01267105 -1.83815014 
-0.99999998 -0.99999993 

1 
2 
3 
4 
5 
6 

0.17177720 
0.27024289 
0.52361629 
0.55351894 
0.39806038 
0.39806038 

0.13431411 

0.40942017 

0.31124690 
0.31124690 

-0,34561947 

-0.70790731 

0,60636874 
0.50165980 
0.31032317 

-0,24492389 
-0.33493747 
-0.33493747 

( 4 )  

0.40800545 

0.20880617 
0.36400052 

-0.74555576 

-0.22536833 
-0.22536833 

0.6 46 76 16 9 
0.00000004 

-0.64676 16 5 
-0.0000000 1 
0.28583096 
0.28583096 

(6) 

0.64676167 
0.00000001 

-0.64676166 
0 
0.28583097 
0.28583097 

X 
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C1 0.42308150 0.31208198 0.76770003 
C2 -0.50495931 0.68456036 -0.22644305 
C3 0.68456040 0.50495933 -0.47446469 
C4 -0.31208204 0.42308159 0.36639251 

TABLE VI1 - C-COEFFICIENTS FOR VARIOUS ENERGY PARAMETERS (X) 
(FOR GROUP SPECIE Blu) 

0.36639250 
0.47446472 
-0.22644302 
-0.76770002 

C1 0.38531028 0.05872509 0.75459184 0.36223332 0.38401224 
C2 -0.47771136 0.16959860 -0.28755654 0.26547615 0.76802459 
C3 0.68467207 0.26147667 -0.35745454 -0.43314539 0.38401231 
C4 -0.37115143 0.58554539 0.42377372 -0.58292288 0.00000001 
C5 0.12960945 0.74602562 -0.20135658 0.52047614 -0.33942212 

TABLE VI11 - C-COEFFICIENTS FOR VARIOUS ENERGY PARAMETERS (x) 
(FOR GROUP SPECIE B2 ) 

0.42308160 0.31208204 0.76770002 0.36639251 0.59962535 
0.50495933 -0.68456039 0.22644299 0.47446470 0 

C3 0.68456035 0.50495931 -0.47446476 -0.22644303 -0.59962535 
C4 0.31208196 -0.42308152 -0.38839287 0.76770002 0 
C5 -0.00000011 -0.00000006 0.00000011 0.00000001 0.52999894 
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TABLE X - CHARGE DENSITIES AND BOND ORDERS 

Charge Dei 

h t h o r  ' s  C a l c u l a t i o n s  

1 = 1.05912 
2 = 1.55937 
3 = 1.04888 
4 = 0.71875 
5 = 1.46410 

37 = 1.48179 

si ty 

Basu ' s  Value 

1.074 
0 .990 
0.962 
0.922 
0 .778 
1.136 

Bond Order 

1 ,36  = 0.76577 
1 , 2  = 0.88568 
2 , 3  = 0.86738 
3 ,4  = 0.45939 
4 ,5  = 0.62901 
4,37 = 0.02593 

0 .46  
0 .36  
0.38 
0 .36  
0 . 4 8  
0.09 

1 1 
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T 

5.07 4 .20  
4.08 5.17 
2.75 4.77 
2 .4 l  3.42 
3.40 2.45 

BLE XI - 

21 -5.07 -4.20 
2 2  -4.08 -5.17 
23 -2.75 -4.77 
24 -2.41 -3.42 
25 -3.40 -2.45 

TOMIC COORDINATES RELATIVE TO MOLECULAR AXES L AND M 

2.84 
0 

1.13 
1.32 
2.64 
3.32 
2.64 
1.32 
1.13 
4.20 
5.17 
4.77 
3.42 
2.45 
2.84 

ATOM L M ATOM L M 

26 
27 
28 
2 9  
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

l -  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

4.73 
3 .43  
2.71 
1.38 
1.14 

0 
-1 .14  
-1.38 
-2.71 
-5.07 
-4.08 
-2.75 
-2.41 
-3.40 
-4.73 

-4.73 
-3.43 
-2.71 
-1.38 
-1.14 

0 
1.14 
1.38 
2.71 
5.07 
4.08 
2.75 
2.41 
3.40 
4.73 

-2 .84  
0 

-1 .13  
-1.32 
-2.64 
-3.32 
-2 .64  
-1.32 
-1.13 
-4.20 
-5.17 
-4.77 
-3.42 
-2.45 
-2.84 
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TABLE XI11 - COORDINATES OF ATOMS IN A MOLECULE WHOSE CENTER LIES 
AT (A/2, b/2) POINT 

ATOM 

1. 3.11 5.48 -4.22 
2 .  3.58 6.12 -2.80 
3. 5.02 5.79 -1.46 
4. 5.99 4.84 -1.53 
5. 5.53 4.20 -2.95 
6 .  4.09 4.53 -4.29 
7.  5.69 2.50 -3.79 
8. 6.83 3.26 -2.62 
9. 7.98 3.34 -1.09 

10. 6.57 4.24 -0.39 
11. 8.32 4.67 1.10 
12 .  9.73 4.15 2.14 
13. 10.59 3.23 1.96 
14. 11.94 3.04 3.37 
15. 12.69 5.08 6.99 
16. 11.27 5.70 6.21 
17 .  10.21 5.57 4.61 
18. 10.54 4.65 3.80 
19. 11.95 3.93 4.57 
20. 13.01 4.15 6.16 
1' 16 . 75 -0.76 4.22 
2 '  16.28 -1.40 2.80 
3 '  14.84 -1.07 1.46 
4 '  13.87 -0.12 1.53 
5 '  14.33 0.52 2.95 
6 '  15.77 0.19 4.29 
7 '  13.13 2.22 3.79 
8 '  13.03 1.46 2.62 
9 '  11.88 1.38 1.09 

10' 12.29 0.48 0.39 
11 ' 11.54 0.05 -1.10 

14 ' 7.92 1.68 -3.37 

12 ' 10.13 0.57 -2.14 
13 ' 9.27 1.49 -1.96 

15 ' 7.17 -0.36 -6.99 
16 ' 8.59 -0.98 -6.21 
17  ' 9.65 -0.85 -4.61 
18 ' 9.32 0.07 -3.80 
19 ' 7.91 0.79 -6.57 
20 6.85 0.57 -6.16 
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ANTHRACENE 

I 

I 

A 

PYRENE 

PH E N A2 I N E 

NAPHTHACENE 

PERY LENE 

0 
ANTHRAQUINONE 

HYDROGEN PHTHALOCYANINE 

F I G U R E  1 - SOME ORGANIC SEMICONDUCTORS W I T H  AROMATIC R I N G  STRUCTURES 
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F I G U R E  2 - HYDROGEN PHTHALOCYANINE 
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I' 

1.1935271 

0.29496289 

+ 

1.000000 

1.2949629 

2.1935270 

= 0 .  

2.21845748 

. 1.49007338 

1.30593557 

0.77759276 

0.01267105 

0.89999993 
0.99999998 

, 1.45955473 

1.83815014 

2.48168329 

A2  6 2  E 

1.5732165 

0.82731789 

- 
0.9999995 
0.9999999 

- 
2.5732165 

2.1935270 

1.2949629 

Oi29496289 

1.1935271 

!.2398093 

1.3810755 

1.26711276 

1.99999995 

1.8879976 

FIGURE 3-  (ENERGY LEVELS ARE DRAWN WITH REFERENCE T O a = O  L I N E  AND THE 
SPACINGS BETWEEN THE LEVELS I S  PROPORTIONAL TO THE ENERGY 
DIFFERENCE DIVIDED BY p )  
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THE U N I T  CELL OF THE MONOCLINIC HYDROGEN PHTHALOCYANINE CRYSTAL 
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L I 

FIGURE 5 - ORIENTATION OF MOLECULAR AXES, L AND M 
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